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We desribe the implementation of a system for studying light-matter interations using an ensem-
ble of 10
6
old rubidium 87 atoms, trapped in a single-beam optial dipole trap. In this onguration
the elongated shape of the atomi loud inreases the strength of the olletive light-atom oupling.
Trapping all-optially allows for long storage times in a low deoherene environment. We are able
to perform several thousands of measurements on one atomi ensemble with little destrution. We
report results on paramagneti Faraday rotations from a marosopially polarized atomi ensem-
ble. Our results onrm that strong light-atom oupling is ahievable in this system whih makes
it attrative for single-pass quantum information protools.
PACS numbers: 42.50.L, 32.10.Dk, 42.50.Nn, 42.50.Ex
I. INTRODUCTION
The interation of light and matter is of basi and pra-
tial importane in a great variety of sienti elds. The
interations themselves an be studied at the most fun-
damental level when the quantum harater of both the
light and the matter is evident, and this has motivated
muh work in quantum optis. At the same time, ontrol
of quantum light-matter interations is a key requirement
for quantum memories [1℄ and quantum networking [2℄.
Observing the quantum eets in both light and matter is
hallenging, but has been demonstrated in a few physial
systems. These inlude avity quantum eletro-dynamis
(QED) with individual atoms [3, 4, 5℄, and iruit QED
with individual solid-state systems [6℄. Cavity-based ap-
proahes have also been applied to ensembles ontaining
few [7℄ and many [8, 9℄ atoms. Another approah uses
room temperature [10℄ or laser-ooled [11, 12℄ atomi
ensembles without avities. In these systems, a freely-
propagating light beam passes through the ensemble and
the light and atoms interat during a single pass. The
quantum variables of the ensemble and light are olletive
variables suh as total atomi spin and Stokes operators,
respetively. The absene of a avity is ompensated by
the use of a large number of atoms, typially 109 to 1012,
so it is still possible to obtain a large net interation and
perform quantum information tasks, e.g., quantum mem-
ory [1℄.
The use of polarized, near-resonant probes to measure
the spin state of atoms was proposed in the ontext of
optial pumping [13℄ by Kastler [14℄ and demonstrated
by Manuel and Cohen-Tannoudji [15℄, and has been used
in a number of ontexts sine then. Modern work with
old atoms inludes probing of atoms in a MOT with a
polarization-squeezed beam [16℄, observation of Larmor
†
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preession due to few-pT elds [17℄, and estimation and
ontrol of atomi spin states [18, 19℄. Closely related,
linear [20℄ and nonlinear [21℄ magneto-opti eets have
been extensively studied for their potential appliation in
high-sensitivity magnetometry and measurement of fun-
damental symmetries.
There are several reasons to improve the tehnial as-
pets of the light-atom interfae. Most immediately, us-
ing a non-resonant and non-magneti atom trap will al-
low longer spin oherene times, and the strong resonant
interations available with old atoms. At the same time,
an improved trap geometry is expeted to inrease the
strength of the olletive light-atom oupling [22℄. An
inrease in interation strength oers an important pra-
tial advantage: it should be possible to perform similar
experiments, e.g., obtain the same degree of spin squeez-
ing [23℄ with far fewer atoms. This implies a larger ratio
of `quantum' spin omponents (those whih are required
by unertainty relations) to `lassial' omponents, and
thus a redued sensitivity to lassial utuations. The
use of nearly stationary atoms permits interations on
time sales that are limited only by time-bandwidth on-
siderations of the probe light, and not by time-sales of
atomi motion [24℄. Pratially, this means that sub-
miro-seond pulses an interat with the atomi ensem-
ble; single-photon and non-Gaussian state generation has
been demonstrated with this time-sale [25℄.
In this paper we desribe an experimental system for
studying light-matter interations using an ensemble of
∼ 106 old rubidium-87 atoms, trapped in a single-beam
optial dipole trap. The observed trap lifetime is very
long and permits thousands of interations with the same
sample of atoms. The trapping and probing systems are
designed to optimize the single-pass interation of the
light. This allows us to ahieve a larger optial inter-
ation per atom than observed in other single-pass sys-
tems, and to make quantum non-demolition measure-
ments of the olletive atomi spin with unpreedented
preision. Additional features that arise from the use of
old, dipole-trapped atoms inlude seletion, by probe
2tuning, of designer Hamiltonians for the light-matter in-
teration. This may enable new operations in quantum
information [26℄.
The paper is organized as follows: In Part II we review
the physial onsiderations in single-pass interation of
polarized light with old ensembles. In Part III we de-
sribe the atomi ensemble and relevant aspets of the
trapping and ooling system to produe it. The various
optial pumping shemes employed in the preparation
of polarized atomi ensembles are disussed in Part IV.
Part V onentrates on the prodution of polarized probe
beams and their subsequent detetion. In Part VI we re-
port rst results on sensitive measurement of atomi po-
larization by Faraday rotation. Conlusions and future
plans are inluded in Part VII.
II. PROBING ATOMIC SPIN DEGREES OF
FREEDOM WITH OFF-RESONANT LIGHT
We will study the interation between an ensemble of
old
87
Rb atoms prepared in the |F = 1, m = ±1〉
ground states (Fig. 1) and a linearly polarized probe pulse
of duration τ , tuned to the D2 line, and travelling in the
z-diretion (see Fig. 2). The spin of the atoms an be
desribed by the olletive atomi pseudo-spin operators
Jˆ
Jˆ0 =
1
2
Nˆa,
Jˆx =
1
2
∑
k
(
Fˆ 2x,k − Fˆ
2
y,k
)
,
Jˆy =
1
2
∑
k
(
Fˆx,kFˆy,k + Fˆy,kFˆx,k
)
,
Jˆz =
1
2
∑
k
Fˆz,k,
(1)
where Nˆa is the atom-number operator, Fˆi,k is the ith
omponent of spin operator orresponding to the kth
atom, and the sum is over all atoms. Similarly, the polar-
ization of the probe eld an be desribed by the Stokes
operators Sˆ
Sˆ0 =
1
2
(
aˆ†+aˆ+ + aˆ
†
−aˆ−
)
,
Sˆx =
1
2
(
aˆ†−aˆ+ + aˆ
†
+aˆ−
)
,
Sˆy =
i
2
(
aˆ†−aˆ+ − aˆ
†
+aˆ−
)
,
Sˆz =
1
2
(
aˆ†+aˆ+ − aˆ
†
−aˆ−
)
,
(2)
where aˆ†± (aˆ±) are the reation (annihilation) operators
of the σ± modes of the eld. The upright subsripts
{x,y, z} distinguish non-spatial oordinates for pseudo-
spin and Stokes operators from spae-like oordinates,
e.g., angular momentum operators.
In general the interation Hamiltonian onsists of three
terms, respetively proportional to the salar, vetorial
and tensorial part of the atomi polarizability [23, 27℄.
For the range of detunings used in our measurements,
the tensorial term of the polarizability is at least an order
of magnitude smaller than the vetorial one and an be
negleted [26℄. The salar term is state-independent and
therefore an be dropped entirely. The Hamiltonian then
redues to
HˆI = ~
G
τ
SˆzJˆz, (3)
where the oupling onstantG ontains the vetorial part
of the atomi polarizability α(1) and the interation area
A [26℄
G(∆, A) =
1
A
Γλ2
16pi
(−4δ0(∆)− 5δ1(∆) + 5δ2(∆)) . (4)
λ is the transition wavelength, Γ is the exited state
deay rate, and ∆ is the probe detuning. The fun-
tions δF ′(∆) = (∆+∆0,F ′)
−1
inlude the nite hyper-
ne splittings in the exited state: ∆0,F ′ is the hyperne
level spaing between F ′ = 0 and F ′ = 1, 2.
To rst order, and after an interation time τ , this
Hamiltonian will produe the following input/output re-
lations
Sˆ(out)
y
≈ Sˆ(in)
y
+GJˆ (in)
z
Sˆ(in)
x
,
Sˆ(out)
z
= Sˆ(in)
z
,
Jˆ (out)
y
≈ Jˆ (in)
y
+GSˆ(in)
z
Jˆ (in)
x
,
Jˆ (out)
z
= Jˆ (in)
z
,
(5)
where Sˆx is rotated onto Sˆy by an amount that is pro-
portional to Jˆz. This entangles the atomi and the light
variables [28℄. With both Jˆ and Sˆ initially prepared in
oherent states pointing in the x-diretion the average
values of Jˆz and Sˆz are zero and the subsequent mea-
surement of Sˆy will result in a redution of the variane,
s
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Figure 1: Level sheme of the
87
Rb D2 line probed by a lin-
early polarized eld with a detuning ∆ from the F = 1→ F
′
transitions.
3var(Jˆz), below the standard quantum limit [29, 30, 31℄
thus produing a squeezed state of the pseudo-spin. It
follows from Eqs. (1), (2) and (5) that
var(Sˆ(out)
y
) = var(Sˆ(in)
y
) +G2〈Sˆ(in)
x
〉2var(Jˆ (in)
z
)
=
Np
4
+G2
N2p
4
Na
4
,
(6)
where Na and Np are the atom and photon numbers,
respetively.
The attainable degree of spin squeezing [32, 33℄ de-
pends on the oupling onstant G, the number of atoms
and the number of photons. In the ase of a small atomi
sample in a dipole trap the overlap of the probe beam
and the atomi sample aets eah of these parameters.
Therefore in this onguration the probe-sample math-
ing is of fundamental importane [22℄. Apart from the
inhomogeneous oupling, in the experiment, unwanted
noise is always present and this an be either due to
atoms or light. These and related issues have been ad-
dressed theoretially in Refs. [23, 24, 34, 35℄. A general
riterion that an be used to verify spin squeezing for
a two pulse experiment in the presene of noise will be
presented elsewhere [36℄.
In an experimental ontext it is desirable to devise a
method to diretly measure G. This an be done if a
dierent initial state is used. For the atomi pseudo-spin
polarized along the z-axis and light polarized along the
x-axis, Eqs. (5) imply a rotation of the Stokes vetor in
the Poinaré sphere by an angle
θ = G〈Jˆz〉 =
GNa
2
. (7)
Hene, a measurement of the Faraday rotation angle,
θ, provides information about G. As noted earlier the
eetive values of G and Na depend on the size and the
overlap of the probe and the sample.
Another measure of the strength of the atom-light in-
teration is the on-resonane optial depth
OD = σ0
Na
A
, (8)
where σ0 is the on-resonane sattering ross setion.
Combining Eqs. (7) and (8) we obtain an expression
that an be used to determine OD from the same Fara-
day rotation measurement
OD =
2σ0
G˜
θ, (9)
where G˜ = AG depends only on atomi quantities and
an be readily alulated.
Atom-light entanglement and prodution of spin
squeezed states as desribed by Eq. (6) are examples of
the possible appliations of the QND Hamiltonian (3).
In a general situation where the detuning ∆ is allowed
to take an arbitrary value, Eq. (3) is no longer valid and
the general form of the Hamiltonian has to be used [23℄.
This has numerous appliations, inluding atom-number
measurement, quantum loning and quantum memory
[26℄. Among these the rst one is espeially relevant in
the ontext of this paper. The Hamiltonian that allows
for atom-number measurements is obtained for a spei
value of ∆ = 462MHz and is given by
HˆI ∝ α
(2)
(
SˆxJˆx + SˆyJˆy
)
. (10)
For a irularly polarized probe and the pseudo-spin po-
larized along the x-axis, it desribes a rotation of Sˆz onto
Sˆy proportional to Jˆx. This should prove useful beause
the result an be ompared against the number of atoms
measured by more onventional methods as for instane
absorption imaging or uoresene measurement after re-
apturing atoms in the MOT.
III. ATOM TRAP
An ensemble of
87
Rb is prepared in a double magneto-
optial trap (MOT). The rst stage of the MOT onnes
atoms only in 2 dimensions letting them move to the
seond stage loated below, where they are trapped in
3 dimensions. This transfer is aided with a weak auxil-
iary beam whih results in a rate of about 107 atoms per
seond. A detailed desription of the MOT apparatus
an be found in Refs. [37℄ and [38℄. From the 3D MOT
the old sample is transferred to a far o-resonane dipole
trap (FORT). The 2-stage onguration of the MOT with
pressure in the bottom stage lower by two orders of mag-
nitude provides fast loading and a long lifetime of the
dipole trap.
Transfer to the dipole trap does not involve moving
the atoms in spae whih redues possible heating and
losses. Instead, the FORT and the MOT are overlapped.
The transition between these two traps is supported by a
molasses phase: during the last 25 ms of the MOT load-
ing the axial gradient of the magneti eld is dereased
from 30 to 20 G/m, the detuning of the ooling light is
ramped from −1.3 Γ to −4 Γ, and the repumping beam
is attenuated; later the magneti eld is turned o, the
repumper is bloked and the ooling light is kept on for
85 ms detuned by−14 Γ. This last phase leaves the atoms
in the F = 1 hyperne level whih redues the losses due
to spin-hanging ollisions and is also the required initial
state for the following optial pumping (see IV). In this
way we ll the dipole trap with about 1.2 × 106 atoms
and the entire yle takes only about 3 seonds.
The FORT is realized with a red-detuned (1030 nm),
linearly polarized beam, foused to a 50µm waist by an
ahromati lens that is also used to fous the probe beams
on the sample (L1 in Fig. 2). A thin disk, Yb:YAG laser
provides 7 W of ontinuous power in the trap. Trap-
ping light is brought to the apparatus by a single mode
photoni-rystal ber to assure a pure Gaussian beam
and to redue pointing instabilities. The AC Stark shift
indued on the ground states by the dipole light orre-
sponds to a onning potential of about 260µK depth.
4The number of atoms in the FORT is measured by
swithing it o and reapturing the atoms in the 3D
MOT. The uoresene signal from the MOT is reorded
during 100ms. With the 2D MOT swithed o this time
is short enough to avoid apturing any atoms that are not
from the dipole trap. Fluoresene light is olleted with
an NA = 0.33 objetive [38℄ and sent onto a alibrated,
amplied photodiode whih ompletes the measurement.
Reapture after varying dipole trapping periods allows
us to investigate trap losses. We observe a mainly super-
exponential, density-dependent deay, presumably due to
two-body ollisions in the trap [39, 40℄. Fitting data af-
ter up to 90 seonds of trapping we an laim that the
ollision rate parameter (volume-independent) β is lose
to 8 × 10−14 cm3s−1, in agreement with other predited
and measured values for
87
Rb under similar onditions
[41, 42℄. In omparison, losses due to ollisions with hot
bakground atoms are negligible. In this situation infer-
ring the lifetime is diult. Nonetheless, the ts suggest
a value greater than 1000 seonds, whih is onsistent
with a bakground pressure of 10−11mbar [43℄.
For imaging purposes the dipole-trapped sample is illu-
minated with light from the MOT, red-detuned by 1 Γ. A
CCD amera reords a uoresene image during 100µs.
This allows us to estimate the size of the sample and
the temperature of the atoms by using the time of ight
(TOF) tehnique [44, 45℄. To ensure that only the dipole-
trapped atoms ontribute to the images the trapping time
in this ase is set to 300ms. After this time, the FORT
is swithed o and an image of the loud is aquired af-
ter a variable time of free expansion (up to 4ms). The
tted size of the loud is 8.5mm by approximately 20µm
(FWHM) indiating an atomi density at the enter of
approximately 5 × 1011 atoms/cm
3
. From the time de-
pendene of the loud radius we infer the temperature,
25.0± 0.5 µK.
IV. STATE PREPARATION BY OPTICAL
PUMPING
It was explained in Part II how a QND-type mea-
surement an be used to generate spin squeezing. This
sheme works with atoms initially prepared in a oherent
spin state, with the pseudo-spin polarized along the x-
axis. This state is equivalent to a oherent superposition
of the two extreme ground states |F = 1, m = 1〉 and
|F = 1, m = −1〉, (Fig. 1). On the other hand, Faraday
rotation measurements that provide a method to assess
the interation strength available in the experiment are
ideally performed with only one of these two states popu-
lated. In this setion we present the onguration of the
pumping beams used in both situations.
Sine the vauum apparatus has been designed so that
optial pumping elds an be applied from three mu-
tually orthogonal diretions [37, 38℄, a variety of quan-
tum states an be prepared. With the z-axis ating as
a quantization axis (see Fig. 2), pumping atoms into
Figure 2: Simplied shemati of the setup. PBS1, PBS2
polarizing beam splitters. BS1 a 50/50 beam splitter. DC1
dihroi ube. DC2, DC3 dihroi mirrors. HW half wave-
plates, QW quarter waveplates. L1, L2 respetively fousing
and re-ollimating lenses. PD1, PD2 photodiodes.
either |F = 1, m = 1〉 or |F = 1, m = −1〉 requires
irularly polarized light propagating along z. The de-
sired m-state is then obtained by seleting the orret
heliity. We ombine the pumping beam with a prei-
sion probe beam (f. Part V) on a 50/50 beam splitter
(BS1) and set the angles of waveplates HW2 and QW2
so that orret irular polarization in the trap results.
In pratie polarization is measured between the vauum
ell and the ollimating lens L2. A set of two waveplates
is neessary beause the s- and p-polarized omponents
aquire a dierent phase shift upon reetion from the
dihroi ube, DC1. For the measurements presented in
Part VI we pump atoms with approximately 3 µW for
50 µs with light resonant from F = 1 to F ′ = 2 and a
beam about four times as big as the transverse dimension
of the atomi ensemble. At the same time we apply light
elds through the MOT beams resonant to the transi-
tion F = 2 to F ′ = 2. This prevents atoms from being
aumulated in the F = 2 manifold. All the resonane
frequenies referred to are the free spae values.
We are not ompensating for light shifts from the
dipole trap laser (around 12MHz) at this stage. In ad-
dition, a small guiding magneti eld of 0.5 G is applied
in order to prevent preession of the state about any re-
maining stray magneti eld.
The prodution of oherent superposition states re-
quires pumping light that is linearly polarized in the xy-
plane. When suh polarized light is used the atoms end
up in one of the two |F = 1, m = 1〉 ± |F = 1, m = −1〉
superpositions with the sign depending on whether the
atual polarization vetor points along the x or y-axis.
In our implementation the pumping beam travels along
the vertial axis, x, and is beforehand expanded in the z-
5diretion so that it better mathes the elongated atomi
sample. This partiular onguration makes use of the
lower optial depth in the propagation diretion of the
optial pumping beam.
V. PROBING AND DETECTION SYSTEM
Two probe beams have been implemented, a linearly
polarized preision probe that is shot noise limited in po-
larization and an auxiliary probe whose polarization an
be set arbitrarily. The preision probe yields a polariza-
tion rotation signal aording to Eq. (7). The probe light
is produed by a ommerial extended avity diode laser.
Its frequeny is loked to the frequeny of the repumper
laser of the MOT using a omputer ontrolled eletroni
oset-lok on the basis of a digital PLL (ADF4252) [46℄.
This onguration allows for the detuning ∆ (Fig. 1) to
be varied ontinuously from -0.2 GHz up to -2.8 GHz.
With the help of an aousto-opti modulator (AOM)
retangular pulses as short as 100 ns an be reated. The
beam is brought to the trap by a single-mode polariza-
tion maintaining ber and a oherent polarization state
is prepared with a thin-lm polarizer of extintion ratio
of 105 : 1.
The main appliation of the auxiliary probe is an atom
number measurement based on the Hamiltonian (10). To
this end its polarization is made irular and the atoms
are prepared in the same superposition state as required
for spin-squeezing experiments (see Part IV). The fat
that the ensemble an be prepared in the same way in
both ases implies that the two measurements, the QND
measurement and the measurement of the number of
atoms, an be performed nearly simultaneously on the
same sample by sending pulses of the two probes losely
separated in time. As in the ase of the preision probe,
pulses are produed with an AOM and the beam is ber
oupled to the trapping setup. The two waveplates HW1
and QW1 are set suh as to ahieve the required polariza-
tion state of the preision probe in the trap. The same is
ahieved for the auxiliary probe by HW2 and QW2. Sine
the auxiliary probe and the irular optial pumping (f.
Part IV) are not used simultaneously they share the same
optial path and are ombined with the preision probe
and the trapping beam on BS1 and DC1, respetively. In
this way all the beams (with the exeption of the linearly
polarized optial pumping beam) propagate in a ollinear
fashion. Among other advantages, the ollinear geome-
try makes it possible to use a single ahromati lens (L1)
to produe the trapping potential and to fous the probe
and pump beams on the atomi sample. In our ase the
foal length is f = 80 mm. The required size of the foi
is ahieved by adjusting the size of eah of the ollimated
beams separately before they reah the fousing lens. We
set the waist (where intensity drops by a fator of e2) of
both Gaussian probes to w0 = 20 µm whih is lose to
the optimum predited in Ref. [22℄.
After passing through the vauum ell, all the beams
are again ollimated with another f = 80 mm ahromat
(L2) arranged in a unit-magniation telesope ongu-
ration with the fousing lens (L1). The trapping beam
is then ltered out by a pair of dihroi mirrors and the
transmitted probe beams are direted onto the detetion
system. Before the detetion, there is a quarter wave-
plate whose angle is set suh as to ompensate for the
birefringene of the two dihroi mirrors at the probe
wavelength. Detetion is aomplished with a half wave-
plate that rotates the plane of polarization by 45◦ and a
polarizing beam splitter that separates the original 45◦
and −45◦ omponents thus ompleting the measurement
of Sy.
The intensities of the two resulting beams are sub-
trated in a home-built dierential photodetetor. It on-
sists of two main stages. The rst is a harge-sensitive
amplier that integrates the dierene of the two pho-
tourrents over the duration of the optial pulse. The
seond is a Gaussian lter whih dierentiates and am-
plies the integrated signal. At the end the signal is
reorded by a digital storage osillosope and proessed
later on. The measured eletroni noise is equivalent to
the shot noise of a pulse onsisting of about 105 photons.
A full desription of the detetor will be given elsewhere
[47℄.
VI. PARAMAGNETIC FARADAY ROTATION
MEASUREMENTS
This setion presents experimental results on paramag-
neti Faraday rotations whih are used to determine the
amount of interation between probe beam and atomi
ensemble. As desribed in Se. IV, the initial state
for this measurement is either |F = 1, m = 1〉 or
|F = 1, m = −1〉, i.e., a marosopi polarization along
the z omponent of the pseudo-spin. The guiding mag-
neti eld along z is applied during pumping and probing.
The rotation signal is measured by probing the sample
with 1 µs long pulses of about 4× 106 photons per pulse
and a period of 20 µs.
In a rst set of measurements we prepare atoms in
either of the above-mentioned states. The resulting ro-
tation signals are shown in Fig. 3. The observed signals
show opposite signs, i.e., the linear polarization is tilted
lokwise or anti-lokwise, respetively, as the light trav-
els through the medium. The amount of rotation is the
same for both states within 2%. It demonstrates that the
setup is apable of produing and deteting marosopi-
ally polarized atomi states. However, the degree of op-
tial pumping, i.e., the purity of the atomi state would
have to be measured by other tehniques, e.g., spin state
tomography.
The measurement of the polarization state of the atoms
is highly sensitive while produing little hange in the
atomi state. Eah point in Fig. 3 represents a pulse of
about 4 × 106 photons interating with the atomi sam-
ple. In total 1000 pulses are sent, produing a derease of
6Figure 3: (Color online) Rotation signal for an atomi state
polarized parallel and anti-parallel to z. The number of pho-
tons per pulse is 4.3 × 10
6
and the detuning is −1.6GHz.
Eah point in the graph represents the average value over 20
experimental runs. For larity only every tenth point has been
plotted. Inset: Individual pulses from balaned detetor. The
gray area marks the integration window.
signal of < 10%. Also, as seen in that gure, the signal-
to-noise ratio (SNR) is large, about 200. Together, these
indiate that the system provides suient interation
for sensitive, non-destrutive measurements. A full anal-
ysis of the information/disturbane trade-o will be the
subjet of a future work [48℄.
The inset of Fig. 3 shows the reorded Gaussian pulse
shape as it is read from the balaned detetor. Our sig-
nal, whih is the photon-number imbalane, ∆NL, is al-
ulated as the integral over the gray shaded area. The
onversion fator was determined beforehand by sending
a known amount of photons onto only one photodiode.
For eah pulse we monitor the number of photons, NL,
entering the atomi loud. By knowing the transmission
of DC2 and DC3 we an alulate the angle of polariza-
tion rotation θ by
θ =
∆N ′L
NLthtv
, (11)
where ∆N ′L is the photon number dierene atually
measured and tv and th the amplitude transmission prob-
ability for vertial and horizontal polarization, respe-
tively.
In the seond set of measurements we pump atoms into
the state |F = 1, m = −1〉 and vary the detuning of the
probe laser over 1.5GHz. This enables us to measure the
dependene on detuning of the rotation angle in Eq. (7).
Furthermore, we an dedue the olumn density of the
light-atom interfae and the on-resonant optial depth.
The rotation angles are plotted in Fig. 4, where a single
point orresponds to an average over 40 realizations of
a dipole trapped sample. Eah sample is probed by 10
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Figure 4: (Color online) Paramagneti Faraday rotation sig-
nal measured on an atomi ensemble of about 1× 10
6
atoms.
The detuning is measured from the resonane F = 1→ F
′
=
0. The number of photons per pulse is 4 × 10
6
. For more
details, see text.
pulses to determine the rotation angle. The error bars
orrespond to one standard deviation. The solid line in
Fig. 4 is a least-square t using Eq. (7). The only free
parameter is the olumn density nc =
Na
A
and we an
write the t funtion as
θ(∆) = nc
G˜(∆)
2
. (12)
From the tting we nd nc = 2.65(7) × 10
14 m−2. We
interpret the measured olumn density as an eetive
number. This is to say, we assume Na atoms homo-
geneously distributed over an eetive area Aeff and a
light beam of the same size. We use the eetive olumn
density and determine an eetive on-resonane optial
depth of 51± 1. The term "on-resonane" here requires
some explanation. Unlike the ideal spin-1/2, two-level
atom, our atom has three resonanes whih eah make
a ontribution, both to the absorption and the optial
rotation eets. To dene an "on-resonant" sattering
ross-setion, we sum the sattering ross setions for the
three transitions at their respetive line enters and ob-
tain σ0 = λ
2/pi. This ross setion aurately desribes
the transition when the upper hyperne splitting an be
negleted, for example far from resonane.
The obtained value of the optial depth is very en-
ouraging for future experiments towards spin-squeezing.
Nevertheless, we are aware of the fat that our multilevel
atomi system is very dierent from the ideal spin 1/2
atom in Ref. [29℄. Therefore, any preditions about the
degree of spin squeezing ahievable in our system as in
Ref. [33℄ would require a more omplex analysis [48℄. As
a rst hint, however, we an state the number of photons
needed to observe atomi projetion noise over light shot
noise. If we use Eq. 6 and say we want to amplify the
atomi over the light noise by a fator of a we need a num-
ber of photons per pulse whih is given by NL = a
Na
θ2
.
7NL has a quadrati dependene on the detuning whih
is ompensated by the fat that the destrution of the
atomi state sales inversely proportional to the square
of the detuning. If we take the data from Fig. 3 and
want to ahieve an a = 1, we have to use 109 photons
whih orresponds to around 300 pulses under the used
onditions.
VII. CONCLUSION
We have presented an experimental setup for appli-
ations in ontinuous variables quantum information.
The system onsists of an ensemble of old atoms in a
red-detuned dipole trap interating with an o-resonant
probe. In order to haraterize the strength of the atom-
light interation we have performed polarization rota-
tion measurements varying the detuning of the probe
over 1.5 GHz. The results obtained are in very good
agreement with theoretial preditions. The very small
observed destrution of the atomi state ombined with
the strong interation, that in these measurements orre-
sponds to an optial depth of 51±1, onrm that this sys-
tem meets the requirements to suessfully demonstrate
spin squeezing. In a broader ontext our measurements
indiate that old atoms in far o-resonane dipole traps
an provide strong interation without the use of a avity
and that they may onstitute a very promising physial
system for quantum information protools.
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